The simulation of a natural gas pipeline network allows us to predict the behavior of a gas network system under different conditions. Such predictions can be effectively used to guide decisions regarding the design and operation of the real system. The simulation is generally associated with a high computational cost since the pipeline network is becoming more and more complex, as well as large-scale. In our previous study, the Decoupled Implicit Method for Efficient Network Simulation (DIMENS) method was proposed based on the 'Divide-and-Conquer Approach' ideal, and its computational speed was obviously high. However, only continuity/momentum Equations of the simple pipeline network composed of pipelines were studied in our previous work. In this paper, the DIMENS method is extended to the continuity/momentum and energy Equations coupled with the complex pipeline network, which includes pipelines and non-pipeline components. The extended DIMENS method can be used to solve more complex engineering problems than before. To extend the DIMENS method, two key issues are addressed in this paper. One is that the non-pipeline components are appropriately solved as the multi-component interconnection nodes; the other is that the procedures of solving the energy Equation are designed based on the gas flow direction in the pipeline. To validate the accuracy and efficiency of the present method, an example of a complex pipeline network is provided. From the result, it can be concluded that the accuracy of the proposed method is equivalent to that of the Stoner Pipeline Simulator (SPS), which includes commercially available simulation core codes, while the efficiency of the present method is over two times higher than that of the SPS.
Introduction
As a high quality and clean fossil fuel, natural gas plays an important role in global industry and economy [1] . Pipelines are the primary means by which the natural gas is transported. As more and more cities are using natural gas as the main energy source, the pipeline network is becoming extraordinarily complex. The characteristic of a complex topology has created many challenges for the design, monitoring, and operating of the pipeline network. The simulation of the natural gas pipeline network allows us to predict the behavior of a gas network system under different conditions. By matching the simulator's output with measured information from Supervisory Control and Data Administration (SCADA) systems, the gas pipelines can be estimated in real-time [2] , the historical conditions can be reviewed, and the unexpected transient conditions can be analyzed [3] .
The pipeline network is mainly formed by interconnecting many kinds of components, and the basic components are pipelines, compressors, valves, supplies, demands, and so on [8] . The components of the pipeline network can be classified into four categories, namely, pipelines, non-pipelines, externals, and multi-component interconnection nodes. Therefore, the mathematical model of the natural gas pipeline network in this paper includes four parts: pipeline model, non-pipeline model, multi-component interconnection node model, and boundary conditions.
Pipeline Model
For natural gas pipeline network simulation, the flow in the pipeline is generally assumed to be homogeneous equilibrium flow with negligible fluid/structure interactions, and the influence of the non-uniformity of the velocity distribution is neglected. The pipeline model is a set of governing equations of homogeneous, geometrically one-dimensional flow in the pipeline, which consist of the continuity equation, momentum equation, and energy equation. The continuity and momentum equations are so-called flow equations, and the energy equation is a so-called thermodynamic equation. These equations can be written in a general form [24] [25] [26] 31] , as shown in Equation (1) , and 50the parameters of the general form are given in Table 1 . The detailed process of transformations and the parameter expressions of Equation (1) It should be noted that natural gas is a compressible gas, and its thermodynamic properties (pressure, volume, temperature) are property relations. An equation of state which would express the density in terms of pressure and temperature needs to be close to Equation (1) . Several different equations of state, including SRK, PR, BWRS, AGA-8, GERG 88, and GERG 2004, are applied in the industry. The sensitivity of the selection of the equation of state for pipeline gas flow models was investigated by Chaczykowski [32] . In this paper, the BWRS equation of state [20, 33] is used, and the BWRS equation is formulated as
In total, it contains 11 coefficients. Values and mixing rules can be found in the literature [20, 33] .
Non-Pipeline Model
The main non-pipeline components in the natural gas pipeline network are compressor and valve components. Their mathematical models can be found in much literature [12, 23] . In this paper, the mathematical models of compressors and valves are presented as Equations (3) to (5) and Equations (6) to (7) , respectively.
Compressors model:
where, ε = a + bQ in + cQ in 2 .
Valves model:
T out − T in + (p out − p in )
Multi-Component Interconnection Node Model
In each multi-component interconnection node, the laws of mass conservation, the equality of pressure, and the equality of gas temperature must be observed [12, 20, 26, 28, 31] . The corresponding mathematical models are represented by Equations (9) to (10) . 
Equality of pressure:
Equality of gas temperature outflow from the node:
T out,1 = T out,2 · · · = c p mT in / c p m out ,
Boundary Conditions
The boundary conditions give the value of pressure, flow rate, and temperature of the external components [12, 26, 28, 31] . The external components of the gas pipeline network include the supply and the demand. The supply is the component where gas is injected into the network, and the demand is the component where gas is extracted from the network. The boundary conditions are represented by Equations (12) to (14) .
Pressure:
Flow rate:
Temperature:
Discretization
The pipeline model, that is Equation (1) , is a nonlinear partial differential equation. It can be linearized about the previous time step based on the Taylor expansion, as shown below [12, 17, 18, 23, 24, 26] : . The detailed expressions of G and S can be found in appendix A. It should be noted that the bar '' above the matrixes B, G, F, S, and U represents the previous time step, so B, G, F, S, and U are calculated by the results of the previous time step. The pipeline is divided into N sections, and thus, there are N + 1 grid points. The ith section is the section between the ith point and the (i + 1)th point. Figure 1 is the schematic diagram of the pipeline grid. 
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The flow equations of Equation (15) are discretized by the central difference scheme in the ith 181 section in Figure 1 , and the discretized flow equations are obtained as Equation (16) [26, 28, 31] :
where, The flow equations of Equation (15) are discretized by the central difference scheme in the ith section in Figure 1 , and the discretized flow equations are obtained as Equation (16) [26, 28, 31] :
where, CE i =
The thermodynamic equation of Equation (15) is discretized by the upwind scheme at the ith point in Figure 1 , and the discretized thermodynamic equation is obtained as Equation (17) [23, 29, 31] :
where,
Equations (3) to (17) are the flow and thermodynamic-coupled discretized equations of the natural gas pipeline network. These equations are split into two parts: the system of flow equations and the system of thermodynamic equations.
The system of flow equations consists of Equations (3) to (4), Equations (6) to (7), Equations (9) to (10), Equations (12) to (13) , and equation (16) . The system of thermodynamic equations consists of Equation (5), Equation (6), Equation (11) , Equation (14) , and Equation (17) .
The decoupled solution strategy [23] [24] [25] is adopted to efficiently solve the flow and thermodynamic-coupled discretized equations. In the decoupled solution strategy, the discretized flow equations are firstly solved using the interpolated temperature, and the discretized thermodynamic equations are then solved using the solved flow variables, such as the pressure and flow rate. The decoupled solution strategy is shown in Figure 2 . 
The thermodynamic equation of Equation (15) is discretized by the upwind scheme at the ith 185 point in Figure 1 , and the discretized thermodynamic equation is obtained as Equation (17) [23, 29, 31] :
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Equations (3) to (17) are the flow and thermodynamic-coupled discretized equations of the 189 natural gas pipeline network. These equations are split into two parts: the system of flow equations 
Main Idea of the DIMENS Method
In the DIMENS method, the network is firstly divided into several independent pipelines, and the pipelines are then efficiently solved one by one. Figure 3 shows an example, where a pipeline network is divided into four interconnection nodes and three pipelines. 
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The key to decoupling the pipelines is solving the multi-pipeline interconnection nodes.
208
However, the equation number of the multi-pipeline interconnection nodes is less than the number
209
of the unknowns to be solved, so those equations of nodes cannot be solved directly.
210
Our previous work [28] is the first report on how to solve the above problem. The idea of solving 211 the problem is that 'the supplemental equations for solving the multi-pipeline interconnection nodes 212 are obtained from the discretized equations of the pipeline'. In other words, the discretized equations 213 of pipelines are solved in advance to obtain supplemental equations, and the equations of multi-214 pipeline interconnection nodes are then solved with the supplemental equations. Figure 4 shows the In our previous work [23] , the DIMENS method was only implemented in flow simulation of 217 the simple pipeline network, which is only composed of pipelines. In the following section, the 218 DIMENS method is extended to the flow and thermodynamic-coupled simulation of the complex 219 pipeline network, which includes pipelines and non-pipeline components. Based on the flow and 220 thermodynamic-decoupled solution strategy [23] [24] [25] , the DIMENS method is implemented in the 221 flow simulation and thermodynamic simulation, respectively. 222 223 Figure 3 . Divide-and-conquer approach for the natural gas pipeline network.
The key to decoupling the pipelines is solving the multi-pipeline interconnection nodes. However, the equation number of the multi-pipeline interconnection nodes is less than the number of the unknowns to be solved, so those equations of nodes cannot be solved directly.
Our previous work [28] is the first report on how to solve the above problem. The idea of solving the problem is that 'the supplemental equations for solving the multi-pipeline interconnection nodes are obtained from the discretized equations of the pipeline'. In other words, the discretized equations of pipelines are solved in advance to obtain supplemental equations, and the equations of multi-pipeline interconnection nodes are then solved with the supplemental equations. Figure 4 shows the procedure of the DIMENS method for the pipeline network. In our previous work [23] , the DIMENS method was only implemented in flow simulation of the simple pipeline network, which is only composed of pipelines. In the following section, the DIMENS method is extended to the flow and thermodynamic-coupled simulation of the complex pipeline network, which includes pipelines and non-pipeline components. Based on the flow and thermodynamic-decoupled solution strategy [23] [24] [25] , the DIMENS method is implemented in the flow simulation and thermodynamic simulation, respectively. In our previous work [28] , the process of solving flow Equations by the DIMNES method has been discussed in detail as step1, step2, and step3. However, the pipeline network does not involve non-pipeline components, such as compressor and valve components. In this paper, the non-pipeline components are appropriately solved as multi-component interconnection nodes in step 2 of the DIMENS method. The procedures of the DIMENS method in flow simulation are given below.
Extended DIMENS for

Procedures of the DIMENS Method in Flow Simulation
Step 1: Pre-solve pipeline By taking the pressure of the starting point p 1 and the mass flow rate of the terminal point m N+1 as free variables, Equation (16) can be solved by the block three diagonal matrix algorithm (BTDMA). It's general solution can be written as Equation (18) . The detailed solution process can be viewed in previous literature [28] :
Equations (19) and (20) are the supplemental equations used to solve the multi-component interconnection nodes. These equations are the key to solving the multi-component interconnection nodes.
Step 2: Solve the multi-component interconnection node
With the supplemental equations obtained from step 1, the equations of multi-component interconnection nodes are closed and can be solved. The closed equations are composed of four parts: (1) the flow equations of the non-pipeline model, Equations (3) to (4) and Equations (6) to (7); (2) the flow equations of the multi-component interconnection node model, Equations (9) to (10); (3) the flow equations of boundary conditions, Equations (12) to (13) ; and (4) the supplemental equations obtained from the first step, Equations (19) to (20) . The unknown variables of the closed equations are the mass flow rates and pressures of the starting and terminal points of all components. The preconditioned conjugate gradient (CG) algorithm proposed in our previous work [28] is employed to solve the closed equations. For better understanding how the equations of multi-component interconnection nodes are solved, a simple pipeline network is given as the example in Appendix B.
Step 3: Solve the internal points of the pipeline
The values of the free variables (p 1 and m N+1 ) solved in step 2 are substituted into Equations (19) to (20) . The flow parameters of the internal grid points of the pipelines can be easily obtained to complete the flow simulation of the whole pipeline network. Through the above three steps, the flow simulation of the complex pipeline network can be solved by the DIMENS method. It is generally known that the downstream propagation of natural gas temperature is dominated by gas flow in the pipeline, and only upstream gas affects downstream gas. Therefore, only the temperature of the pipeline inlet can be chosen as the free variable for the DIMENS method to solve the thermodynamic equations. However, the direction of gas flow in the pipeline can unpredictably change during the transience. This means that gas could flow into the pipeline either from the starting or terminal point of the pipeline. Therefore, the flow states of gas in the pipeline should be analyzed to choose the free thermodynamic variables for the DIMENS method.
During the transience of the natural gas flow in the pipeline, there are four kinds of flow states: (1) natural gas flows out of the pipeline from both the starting and terminal points; (2) natural gas flows into the pipeline from the starting point and flows out of the pipeline from the terminal point; (3) natural gas flows into the pipeline from the terminal point and flows out of the pipeline from the starting point; and (4) natural gas flows into the pipeline from both the starting and terminal points. According to the corresponding gas flow state, pipelines can be classified as four types. The flow states and types of the pipeline are shown in Table 2 . 
Procedures of the DIMENS Method in Thermodynamic Simulation
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According to the above analysis of the pipeline flow state, the DIMENS method is extended to 287 the thermodynamic simulation of the complex pipeline network, and the detailed procedures are 288 presented as follows.
289
Step 1: Classify pipelines
290
Pipelines are classified as four types according to flow state, shown in Table 2 .
291
Step 2: Solve the first type pipeline
292
The objective of this step is to obtain the thermodynamic parameters of the first type of pipeline.
293
For the first type of pipeline, Equation (17) is closed, which can be rewritten as Equation (21) . Then,
294
Equation (21) is solved efficiently by the three diagonal matrix algorithm (TDMA) [34] , and the
295
temperature values of all points on the first type pipeline are obtained:
Step 3: Pre-solve the second and third type pipelines
297
By taking the temperature of starting point T1 of the second type of pipeline as the free variable, Third type pipeline The temperature of terminal point.
Fourth type pipeline The temperature of both starting and terminal points.
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Equation (17) can be rewritten as Equation (22), and its general solution is Equation (23) . Similar to
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The temperature of both starting and terminal points.
For the first type of pipeline, the thermodynamic-discretized equation of the pipeline model, Equation (17), is a closed system. This means that there is no free variable, and the first type of pipeline can be solved directly. For the second type of pipeline, Equation (17) is not a closed system until the temperature of the starting point is known. That is to say, the temperature of the starting point should be chosen as the free variable. Similar to the second type of pipeline, the free variable of the third type of pipeline is the temperature of the terminal point. For the fourth type of pipeline, until the temperatures of the starting and terminal points are both known, the temperature of the internal grid point in the pipeline can be obtained by solving Equation (17) . In other words, the fourth type of pipeline should be solved after the other three pipeline types. The solution requirements of these four types of pipelines are also shown in Table 2 .
Procedures of the DIMENS Method in Thermodynamic Simulation
According to the above analysis of the pipeline flow state, the DIMENS method is extended to the thermodynamic simulation of the complex pipeline network, and the detailed procedures are presented as follows.
Step 1: Classify pipelines Pipelines are classified as four types according to flow state, shown in Table 2 .
Step 2: Solve the first type pipeline The objective of this step is to obtain the thermodynamic parameters of the first type of pipeline. For the first type of pipeline, Equation (17) is closed, which can be rewritten as Equation (21) . Then, Equation (21) is solved efficiently by the three diagonal matrix algorithm (TDMA) [34] , and the temperature values of all points on the first type pipeline are obtained:
. . .
By taking the temperature of starting point T 1 of the second type of pipeline as the free variable, Equation (17) can be rewritten as Equation (22), and its general solution is Equation (23) . Similar to the second type of pipeline, the temperature of terminal point T N+1 of the third type of pipeline is the free variable, and the corresponding discretized Equation and general solution are Equation (24) and Equation (25), respectively. In addition, the TDMA algorithm [34] is adopted too.
Thermodynamic-discretized equations of the second type of pipeline:
General solution of the second type of pipeline:
Thermodynamic-discretized equations of the third type of pipeline:
General solution of the third type of pipeline:
Equation (26) and Equation (27) are the supplemental equations used to solve the multi-component interconnection nodes. These equations are the key to solving the multi-component interconnection nodes.
Step 4: Solve the multi-components interconnection node
In the DIMENS method, the fourth step of thermodynamic equations is similar to the second step of the flow equations. The thermodynamic parameters of multi-components interconnection nodes are solved via the closed equations of the starting and terminal points of all components. The complete system of closed equations is comprised of five parts: (1) thermodynamic equations of the non-pipeline model, Equation (5) and Equation (6); (2) thermodynamic equation of the multi-components interconnection node model, Equation (11); (3) thermodynamic equation of the boundary condition, Equation (14); (4) the temperature values of the starting and terminal points of the first type of pipeline that are solved in step 2; and (5) the supplemental equations obtained in step 3, Equation (26) and Equation (27) . The unknown variables of these closed equations are the temperatures of the starting and terminal points of all components. The preconditioned CG algorithm that is proposed in the paper [34] is adopted to solve the closed equations. For better understanding how the equations of multi-component interconnection nodes are solved in thermodynamic equations, a simple pipeline network is given as the example in Appendix C.
Step 5: Solve the internal points of the second and third pipelines The fifth step of thermodynamic equations is similar to the third step of the flow equations. The values of the free variables solved in step 4 are substituted into Equation (23) and Equation (25) , and the temperature value of the internal grid points of the first and second types of pipelines can be easily obtained.
Step 6: Solve the fourth type pipeline After step 5, the temperatures of the starting and terminal points of all pipelines are known. Then, Equation (17) of the fourth type of pipeline is rewritten as Equation (28), and is efficiently solved by the TDMA algorithm [34] .
Through the above six steps, thermodynamic simulation of the complex pipeline network can be solved by the DIMENS method.
Results and Analysis
An example of the complex pipeline is designed to validate the DIMENS method here. The calculation accuracy of the DIMENS method is investigated by comparing the numerical solution obtained by the DIMENS method with that of SPS. The computational speed of the DIMENS method is investigated by comparing the CPU time of the DIMENS method with that of SPS.
Description of the Numerical Test
The complex pipeline is comprised of 84 pipelines, four compressors, eight valves, and 51 externals, and the structure of the complex pipeline network is shown in Figure 5 and detailed data are given in Tables 3-6. All the pipelines are horizontal, with a roughness, thickness, and thermal conductivity of 0.02286 mm, 5 mm, and 0.0127 W/(m·K) 
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The complex pipeline is comprised of 84 pipelines, four compressors, eight valves, and 51 344 externals, and the structure of the complex pipeline network is shown in Figure 5 and detailed data 12  15  14 18  28  43  65  49  36   46  13  66  26  11  42  45  38  37 The components of natural gas are listed in Table 7 . The standard pressure and temperature are 101.325 kPa and 20 • C, respectively. The Colebrook Equation is used as the friction Equation [35] . During simulation, the ambient temperature is maintained at 15 • C. The initial pressure is 2.8 MPa, the initial volume flow rate is zero, and the initial temperature is 15 • C. After t = 0 h, the pressure of some externals is maintained, the volume flow rate of some externals increases suddenly, the compressors are started, and the valves are opened. During the simulation, the volume flow rate of some externals is constant, while the volume flow rate of other externals and the valve opening (FR) of valves are changed, shown as Tables 8-10, respectively. It is assumed that: (1) all the compressors have the same performance curve as shown in Figure 6 , the rated speed of the compressor is 6000 RPM, and the start time is 3 minutes; (2) all the valves are same, the flow coefficient of the valve in this paper is calculated by the Equation C v = 200 − 200FR, and the travel time of the valve is one minute. 
Comparison of Numerical Accuracy
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The case of the complex pipeline network is simulated by the DIMENS and SPS, respectively. 
Comparison of Numerical Accuracy
The case of the complex pipeline network is simulated by the DIMENS and SPS, respectively. The time step and spatial step are 10 s and 0.5 km, respectively. The pressure, volume flow rate, and temperature of the starting point of some pipelines during 0-10 h are shown in Figures 7-9 . The pressure, volume flow rate, and temperature of the compressor 1# are shown in Figure 10 . Figures 7-9 show that the numerical solutions of flow simulation, such as pressure and flow rate, obtained by the DIMENS method, are in good agreement with those obtained by SPS. The results of these comparisons are the same as in previous literature [28] . This can validate the DIMENS method for flow equations of the complex pipeline network. In addition, it is clearly seen from Figure 9 that the difference between the temperature obtained by the DIMENS method and that obtained by SPS is very small. The maximum deviation of temperature of the two methods is less than 1 • C, which can be found at the starting point of pipe 63 at t = 6 h, as shown in Figure 9b . This is acceptable for practical engineering problems of natural gas pipeline transportation. That is to say, the DIMENS method is also accurate for the thermodynamic simulation. Additionally, the results of pressure, flow rate, and temperature of the compressor obtained by the DIMENS method are also in good agreement with those of SPS, as shown in Figure 10 . This means that the complex start-up process of the compressor can be accurately simulated by the DIMENS method too. The above analysis shows that the DIMENS method has a high accuracy comparable to the accuracy of the SPS and can meet the requirements of practical engineering problems. 
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The case of the complex pipeline network is simulated by the DIMENS and SPS, respectively.
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The time step and spatial step are 10 s and 0.5 km, respectively. The pressure, volume flow rate, and pressure, volume flow rate, and temperature of the compressor 1# are shown in Figure 10 . 
Comparison of Numerical Accuracy
373
374
The To further test the simulation accuracy of the DIMENS method, the results of the pipeline network at t = 24 h obtained by the DIMENS method and SPS are compared, as shown in Figures 11-13 . From the comparison of the pressure of the connection nodes in Figure 11 , it can be seen that the pressures obtained by the two methods are almost the same, and the maximum absolute and relative deviations of pressure are 0.015 MPa and 0.45%, respectively. From the comparison of the volume flow rate in Figure 12 , the maximum absolute and relative deviations of the volume flow rate are 2.4 × 10 4 Nm 3 /h and 3.5%, respectively. What is more, the maximum absolute deviation of temperature is less than 0.5 • C, as shown in Figure 13 . It can be summarized that the deviation between the numerical solution calculated by the DIMENS method and SPS is sufficiently small. These analyses again imply that the calculation accuracy of the DIMENS method is comparable to that of SPS. 
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From the comparison of the pressure of the connection nodes in Figure 11 , it can be seen that the 
Comparison of Computational Efficiency
418
The number of discretized grid points of the pipeline network and the number of pipeline 419 sections of the pipeline network are two main factors that can affect the efficiency of pipeline network 420 simulation. Therefore, the computational speed of the DIMENS method proposed in this paper is 421 examined from three aspects: (1) the number of discretized grid points; (2) the number of 
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First, the topology of the pipeline network in Figure 5 is unchanged, while the pipelines are 428 discretized by different spatial steps. The adaptability of the DIMENS method for the number of 429 discretized grid points is studied. The CPU time is shown in Figure 14 .
430
It can be seen from Figure 14 that the CPU time of the DIMENS method is less than that of the 
Comparison of Computational Efficiency
The number of discretized grid points of the pipeline network and the number of pipeline sections of the pipeline network are two main factors that can affect the efficiency of pipeline network simulation. Therefore, the computational speed of the DIMENS method proposed in this paper is examined from three aspects: (1) the number of discretized grid points; (2) the number of components; and (3) the number of discretized grid points and the number of components. The restart process of the complex pipeline network is simulated by both the DIMENS method and SPS, and the CPU times are recorded and compared. The time step is 10 s, and the simulation time is 1 day. The computations are carried out on a computer equipped with a 2.6 GHz Intel Xeon E5-2640 CPU with 64 GB RAM.
First, the topology of the pipeline network in Figure 5 is unchanged, while the pipelines are discretized by different spatial steps. The adaptability of the DIMENS method for the number of discretized grid points is studied. The CPU time is shown in Figure 14 .
It can be seen from Figure 14 that the CPU time of the DIMENS method is less than that of the SPS. This means that the DIMENS method is more efficient than SPS. What is more, the CPU times of these two methods are both almost linear with the number of discretized points. This indicates that the DIMNES method and the SPS both have a strong adaptability to the increase of discretized points of the pipeline network. However, with the same number of discretized points, the CPU time of SPS is always longer than that of DIMENS method. The slope of the line of the DIMENS method in Figure 14 is 0.01, while that of SPS is 0.036. This is means that the efficiency of the DIMENS method is about 0.0036/0.01 = 3.6 times higher than that of the SPS as the number of discretized points is increasing. In other word, the DIMENS method is more efficient than SPS. 
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Second, the total number of discretized grid points is unchanged, while the number of 443 components of the pipeline network is increased. The adaptability of the DIMENS method for the 444 number of components is studied. The CPU time is shown in Figure 15 . 
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It is clearly shown in Figure 15 that the CPU time of the DIMENS method is also less than that both not only well adapted to the increase of discrete points, but also to the increase of components.
453
This indicates that the DIMNES method and the SPS both have a strong adaptability to the number 454 of pipeline sections.
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Last, the pipe network, as shown in Figure 5 , is copied multiple times and connected to each
456
other to form a larger network. The adaptability of the DIMENS method for the couple of grid points
457
and components is studied. The CPU time is shown in Figure 16 . Second, the total number of discretized grid points is unchanged, while the number of components of the pipeline network is increased. The adaptability of the DIMENS method for the number of components is studied. The CPU time is shown in Figure 15 . 
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Second, the total number of discretized grid points is unchanged, while the number of 
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and components is studied. The CPU time is shown in Figure 16 . It is clearly shown in Figure 15 that the CPU time of the DIMENS method is also less than that of the SPS. This means that the computational efficiency of the DIMENS method is high. What is more, the CPU time of the DIMENS method and that of the SPS are both linear with the number of components. The fit linear curve of SPS is y = 376 + 0.55x, and that of DIMENS is y = 31 + 0.59x. In other words, the gradients of the two lines are similar. Thus, the DIMNES method and the SPS are both not only well adapted to the increase of discrete points, but also to the increase of components. This indicates that the DIMNES method and the SPS both have a strong adaptability to the number of pipeline sections.
Last, the pipe network, as shown in Figure 5 , is copied multiple times and connected to each other to form a larger network. The adaptability of the DIMENS method for the couple of grid points and components is studied. The CPU time is shown in Figure 16 . 2) The CPU time of the DIMENS method is always less than that of SPS, and the computational 479 speed of the DIMENS method is over two times higher than that of the SPS;
480
3) The DIMENS method has a strong adaptability to the scale of the pipeline network. The 
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In recent years, as a rapidly developing role in High Performance Computing (HPC), Graphic order to maximize the GPU computing speed, the parallel granularity of the computational task 485 should be fine enough. Thus, the algorithm should be highly parallel. In the DIMENS method, the Figure 16 shows that the CPU time of the DIMENS method and that of the SPS are both linear with multiple network expansions. However, with the same multiple network expansions, the CPU time of SPS is always more than that of DIMENS method, and the slope of the line of the DIMENS method is smaller than that of SPS. That is to say, the CPU time of the DIMENS method is always less than that of SPS, and the DIMENS method would be more time-saving with the larger scale of the pipe network. This indicates that the DIMENS method is more efficient than SPS. It can be further seen that the fitted linear curve of SPS is y = 45 + 405x, while that of DIMENS is y = −56 + 187x. In other words, the slope of the line of the DIMENS method is about 187, while the slope of the line of SPS is about 405, which is over two times greater (405/187 = 2.16) than that of the DIMENS method. This means that the computing efficiency of the DIMENS method is over two times greater than that of SPS.
Conclusions and Future Work
In this paper, the DIMENS method has been extended to the flow and thermodynamic-coupled simulation of the complex pipeline network that includes pipelines and non-pipeline components. The simulation accuracy and efficiency of the present method have been investigated through an example of the complex pipeline network. The conclusions are as follows:
(1) DIMES shows a very good agreement with SPS (differences below 3.5%). This accuracy can meet the requirements of practical engineering; (2) The CPU time of the DIMENS method is always less than that of SPS, and the computational speed of the DIMENS method is over two times higher than that of the SPS; (3) The DIMENS method has a strong adaptability to the scale of the pipeline network. The CPU time of the DIMNES method is linear with the size of the pipeline network.
In recent years, as a rapidly developing role in High Performance Computing (HPC), Graphic Processing Unit (GPU) computing has been becoming a research hotspot in many research fields. In order to maximize the GPU computing speed, the parallel granularity of the computational task should be fine enough. Thus, the algorithm should be highly parallel. In the DIMENS method, the pipelines in the network are parallel and the solution process of one pipeline is parallel too. This means that the parallel characteristic of the DIMENS method greatly matches the GPU. Therefore, to improve the computational speed further, it would be meaningful and worthwhile to study the GPU-accelerated simulation for large-scale natural gas pipeline networks in the future. 
Substituting Equation (A13) into Equation (A23b),
Substituting Equation (A14) into Equation (A24),
Equation (A1) can be rewritten in the form
Substituting Equation (A26b) into Equation (A25),
Equation (A14), Equation (16) and Equation (A23) can be written in the general form
The detailed expressions of U, G, and S in the pipeline model are as follows: Flow Equation:
Thermodynamic Equation: 
Appendix B
To describe in detail how the flow equations of multi-component interconnection nodes are solved, a pipeline network is given as the instance. The pipeline network is comprised of three pipes, one compressor, one valve, and two externals, as shown in Figure A1 . The closed equations for the solution of multi-component interconnection nodes are Equations (A35)-(A58), shown as below.
To describe in detail how the flow equations of multi-component interconnection nodes are solved, a pipeline network is given as the instance. The pipeline network is comprised of three pipes, 538 one compressor, one valve, and two externals, as shown in Figure B1 
Flow equation of supply:
Flow equation of demand:
Flow equations of multi-component interconnection node 1:
Flow equations of multi-component interconnection node 2:
p N 1 +1,p1 = p in,c ,
Flow equations of multi-component interconnection node 3:
p out,c = p 1,p2 ,
Flow equations of multi-component interconnection node 4:
Flow equations of multi-component interconnection node 5:
Flow equations of multi-component interconnection node 6: 
The number of the mass flow and pressure variables at the starting and terminal points of the pipeline is 4, and the numbers of the compressor and valve are both 4 too, while the number of the mass flow and pressure variables of the external component is 2. This means that there are a total of 4 × 3 + 4 × 1+ 4 × 1+2 × 2 = 24 unknown variables for solving the multi-component interconnection nodes in the pipeline network in Figure 5 . The number of equations in Equations (A35)-(A58) is 24. Therefore, these equations are closed and have a unique solution.
Appendix C
To describe how the thermodynamic equations of multi-component interconnection nodes are solved in detail, a pipeline network is given as the instance. For instance, the flow state of the pipeline network at a certain moment is shown in Figure A2 . Pipe 1, pipe 2, and pipe 3 are respectively the second, fourth, and first type of pipeline. The complete system of linear equations of the multi-component interconnection nodes is presented as follows: 
Thermodynamic equation of the valve:
Thermodynamic equation of the external component:
Thermodynamic equations of multi-component interconnection nodes 1:
